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Proteases face a daunting task in tackling the huge variety of protein folds. In this issue of Structure,
Irit Sagi’s laboratory exploits atomic force microscopy and SAXS to reveal the extreme flexibility of
matrix metalloproteinase (MMP)-9, heralding new functional possibilities for MMPs (Rosenblum
et al., 2007).Proteases arguably perform the most
important irreversible modifications of
protein structure and hence function.
Every protein is subjected to proteo-
lytic processing during its synthesis,
maturation, and degradation, not to
mention the processing involved in
modulating a protein’s function. With
a multitude of proteolytic activities—
ranging from N-terminal methionine
and signal peptide removal, molecular
activation or inactivation, switching
agonist to antagonist functions, anti-
gen processing, membrane protein
shedding, and remodeling extracellu-
lar matrix—proteases are involved in
virtually all essential functions of the
cell. Hence, their dysregulation often
leads to pathology, with most diseases
and infections having strong proteo-
lytic components. Therefore, probing
protease structure-function relation-
ships and substrate interactions is
essential to both understand their bio-
logical roles and to develop antipro-
teolytic drugs.
The very fact that proteases slice
and dice every protein in a proteome
is itself a fascinating adaptation to
chemical diversity. Faced with the
huge variety of protein structures, pro-
teolytic enzyme families may adopt
a multitude of strategies to tackle the
problem of penetrating these diverse
protein folds. In this issue of Structure,
work from Rosenblum et al. (2007)
reveals an unexpected solution to this
by the matrix metalloproteinase gel-
atinase B (MMP-9). MMPs form an
important family of extracellular prote-
ases crucial for regulating homeosta-
sis of the extracellular signaling envi-
ronment and matrix, with Mmp9/mouse models of disease (Vu et al.,
1998; Dubois et al., 1999) continuing
to reveal a myriad of biological roles
for this protease. Using a combined
structural, biophysical, and modeling
approach, the structure of the multido-
main MMP-9 molecule has been clari-
fied by Irit Sagi’s group for the first
time. By analysis of a cohort of individ-
ual images of the enzyme using atomic
force microscopy, combined with
small angle X-ray scattering (SAXS)
and analytic ultracentrifugation, the
shape envelope of MMP-9 was solved.
Upon integration with existing crystal-
lographic structures and refining by
molecular modeling, the structure of
the full-length molecule was deduced.
Intriguingly, the variety of shapes
found led Rosenblum and colleagues
to conclude that the protease can
adopt an array of conformations that
would impress even a yoga swami—
the catalytic domain markedly shifts
in relation to its C-terminal hemopexin
domain, to which it is connected by
a 54-residue proline and glycine-rich
linker (Wilhelm et al., 1989). These
movements can occur due to the
spring-like character of MMP-9’s un-
usually long linker imparted by the do-
main’s low density, disorder, and flex-
ibility. Thus, the connecting linker of
this and other MMPs might also fulfill
important functional roles rather than
simply acting as a physical spacer.
The MMP-9 linker has intrigued in-
vestigators since the MMP9 cDNA
was first cloned (Wilhelm et al., 1989).
The primary structure revealed the
multidomain nature of the enzyme
comprised of: a zinc ion-binding cat-
alytic domain with a propeptide re-Structure 15, October 2007 ª2sponsible for enzyme latency; three
fibronectin type II exosite modules in-
serted into the catalytic domain that,
by homology with the gelatinase A
(MMP-2) structure (Morgunova et al.,
1999), extends the substrate binding
surface on the prime side; and a hemo-
pexin C domain linked to the catalytic
machinery by this atypical 54-residue
linker. Exosites are the principal deter-
minants of substrate selectivity and af-
finity for many proteases that facilitate
substrate localization and presentation
of the scissile bond to the active site,
thus reducing the Km (Overall, 2002).
In fibronectin, type II modules bind gel-
atin and in gelatinases A and B, addi-
tionally bind other substrates including
native collagen and elastin (Steffensen
et al., 1995). The proline and glycine-
rich linker shows low homology to
type V collagen, one of several native
collagens cleaved by MMP-9 (Wilhelm
et al., 1989; O’Farrell and Pourmo-
tabbed, 2000), suggesting a role in
substrate recognition. This intriguing
mosaic composition of MMPs evolved
by module shuffling from extracellular
matrix proteins, and maybe even from
specific substrates (Overall, 2002).
The collagen-centric view of the
linker was revised by Opdenakker’s
group, another laboratory with a long
history of interest in this MMP. Twelve
to fourteen 0-glycosylated carbohy-
drate groups are attached to the linker
at numerous Gly-Ser doublets (Rudd
et al., 1999), rendering MMP-9 a pro-
teoglycan by definition. So, is the mol-
ecule highly extended, with the cata-
lytic and hemopexin C domains well
separated by a carbohydrate-rich and
hydrated linker as proposed? Since007 Elsevier Ltd All rights reserved 1159
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PreviewsFigure 1. Inchworm Model of MMP-9 Movement along Collagen Fibrils
We propose that MMP-9 is localized to collagen substrates such as types I, IV, V, VII, X, XI colla-
gens by exosite binding via the hemopexin C domain (black) and fibronectin type II modules (blue).
The overall flexibility of the MMP-9 linker permits the catalytic domain of MMP-9 (red) to simulta-
neously access the collagen molecule. Extension and retraction of the linker domain would
allow the enzyme to inch along the collagen scanning for denatured and damaged regions or its
cleavage recognition sequence, a unique mechanism of substrate quality control.the gelatinase hemopexin C domain is
important for binding bioactive media-
tor substrates, as revealed by ‘‘exo-
site scanning’’ using yeast two-hybrid
screens of the related MMP-2 hemo-
pexin C domain (McQuibban et al.,
2000), one wonders how substrates
binding the MMP-9 hemopexin C do-
main could simultaneously interact
with the active site. The triumph of
Rosenblum’s work in achieving atomic
force microscopy imaging of proMMP-
9, supported by SAXS, reveals that
despite the heavy glycosylation, the
linker can fold to form a compact,
though low density, disordered do-
main. This imparts the enzyme with ex-
treme flexibility, permitting the variety
of molecular conformations reported
here, perhaps shedding some light on
several persisting mechanistic myster-
ies about how MMPs function. There is
the question: how does a (45 A˚) MMP
find its precise cut site three quarters
of the way along a 3000 A˚ collagen
molecule—surely not by a hit and
miss approach? How does an MMP
unwind the triple helix of collagen to
cleave the individual a chains? How
do MMPs cleave such a broad range
of structurally diverse substrates?
So, why should a protease be able
to perform the most extreme of yoga
positions? MMPs are now known to
process not only extracellular matrix
molecules, but a wide array of bio-
active molecules (Overall, 2002), the
cleavage of many being facilitated by
exosite interactions. Such mind-bend-
ing flexibility of the MMP molecule
might enable the enzyme to achieve
poses permissive for active site posi-
tioning and cleavage of scissile bonds
in substrates with dissimilar structures.
Exosites also enable dynamic unfold-1160 Structure 15, October 2007 ª2007ing of structurally inaccessible and
otherwise uncleavable proteins such
as triple helical collagen. Collageno-
lytic MMPs bind native collagens via
exosites on the hemopexin C domain
(Lauer-Fields et al., 2002; Overall,
2002; Chung et al., 2004) and on the
fibronectin type II modules of gelati-
nase A and B (Steffensen et al., 1995;
O’Farrell and Pourmotabbed, 2000).
These interactions actively unwind the
triple helix, which exposes the individ-
ual collagen a chains to the active site
cleft for cleavage (Chung et al., 2004,
Tam et al., 2004). The plasticity demon-
strated for MMP-9 provides insight into
how these proteases might flex to open
up a compact protein fold without re-
sorting to Bikram Yoga.
Intramolecular flexibility might also
facilitate molecular ratcheting along
matrix molecules for processive deg-
radation or movement. As observed
by two-photon excitation fluorescence
correlation spectroscopy in a series of
papers from Goldberg’s group, the ho-
mologous collagenase MMP-1 slides
along collagen fibrils using a burnt
bridges Brownian ratchet motion (Saf-
farian et al., 2004). The speed of this
molecular motion is astonishing, with
populations of MMP molecules
moving with a microscopic rate (V)
4 mm s1. So how does this occur
in the absence of ATP? The conforma-
tional possibilities shown in the pres-
ent study provide clues and analogies
for the gelatinases. MMP-9 and -2
might extend the catalytic domain,
with their collagen-binding fibronectin
type II modules, away from the hemo-
pexin C domain that also binds colla-
gen, and then retract in an inchworm-
like manner rendered possible by the
spring-like linker domain (Figure 1).Elsevier Ltd All rights reservedOriginally suggested as a means to as-
sist cell locomotion (Saffarian et al.,
2004), this might also be an efficient
mechanism for MMPs to scan collagen
substrates for unique cleavage recog-
nition sites, that in type I collagen lies
2250 A˚ toward the carboxy terminal
of the 3000 A˚ molecule. The gelati-
nases might also adopt this as a quality
control process to scan for gelatin or
denatured damaged collagen.
Sagi and colleagues suggest that
the flexibility imparted by the linker do-
main might also permit cell surface-
bound MMP-9 (Fridman et al., 2003)
secure, but elastic interaction with sub-
strates while the cell is mobile without
breaking substrate contact. Indeed,
the membrane type-1 MMP (MMP-14)
also has a long linker (35 amino acids)
and has an important role in cell surface
collagenolysis as imaged recently in
moving cells (Wolf et al., 2007).
Rosenblum et al. (2007) imaged
monomeric MMP-9—it would be in-
triguing to extend this technique to
the commondisulfide-dimerizedMMP-
9. Will dimers form even more ex-
tendable structures? Indeed, in the
Brownian ratchet motor, dimeric
MMP-1 exerted 5.4 pN of force versus
0.4 pN for monomeric MMP-1 (Saffar-
ian et al., 2004). The inhibitor TIMP-1
interaction with the MMP-9 hemo-
pexin C domain is another important
structure yet to be solved. Atomic
force microscopy imaging of MMPs
on native collagen might also finally
reveal the mechanism of collagen tri-
ple helicase activity, the ultimate yoga
nano-move.
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In this issue of Structure, Jin et al.
embracing two moles of ADP by
regulation across eukaryotes and
Energy metabolism has been the cra-
dle of understanding for many power-
ful concepts in biology, with AMP-
phosphorylase-b being the first exam-
ple of enzyme allosteric control and
the first enzyme controlled by revers-
ible phosphorylation, and phosphory-
lase catalyzed glycogenolysis the first
example of regulation by a hormone
second messenger system (cyclic
AMP/calcium). As far back as 1980 it
was recognized that AMP regulated
protein kinase(s) capable of phosphor-
ylating acetyl CoA carboxylase and
HMG CoA reductase could be part of
a metabolic stress-sensing regulatory
system responsive to cellular nucleo-
tide levels (Yeh et al., 1980). When
AMPK was eventually sequenced it
was found to be a homolog of the Sac-
charomyces cerevisiae protein kinase
SNF1, previously identified genetically
as a regulator of gene transcription in
response to glucose starvation (Cele-
nza and Carlson, 1986). Both yeast
and mammalian AMPKs are heterotri-
meric enzymes comprising an a cata-
lytic subunit and b and g regulatory
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(2007) report the structure of Sch
its g subunit. This structure hig
challenges the regulatory dogma
b subunit contains a glycogen-binding
domain (GBD) and the g subunit con-
tains 4 repeat sequences (CBS) that
form a pair of Bateman domains re-
sponsible for nucleotide binding. All
eukaryotes contain homologs of these
proteins, but the number of subunit
genes varies between organisms. Mu-
tations in g genes have been linked to
glycogen storage diseases in pigs
and humans. Studies, particularly in
mammals, have shown that AMPK is
involved in all facets of energy metab-
olism impinging on gene transcription,
protein synthesis, lipid and carbo-
hydrate metabolism, as well as mito-
chondrial biogenesis at the cellular
level and food intake at the whole
body level (Hardie, 2007). In addition
to energy expenditure (exercise),
many hormones and a variety of drugs
have been found to activate AMPK sig-
naling pathways (Hardie, 2007). In-
deed, the concept has emerged that
AMPK is involved in linking energy
metabolism to many if not all physio-
logical processes and may be central
to the health benefits of diet and
exercise.
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izosaccharomyces pombe AMPK
hlights the complexity of AMPK
.
The burning questions for structural
biologists have been: what is the ar-
chitecture of the AMPK abg hetero-
trimer and how is it regulated by
changes in cellular nucleotide levels?
Three groups have now provided
a cascade of protein crystal struc-
tures that reveal the architecture of
the core subunit interaction complex
and show the nature of nucleotide
binding (Amodeo et al., 2007; Jin
et al., 2007; Townley and Shapiro,
2007; Xiao et al., 2007). The Townley
S. pombe AMPK structure (Townley
and Shapiro, 2007) was the first to
show the complete g subunit com-
plexed with the noncatalytic C-termi-
nal fragment of a and the C-terminal
fragment of b. The b fragment for-
ms a b sheet structure that acts as
a subunit binding sequence (ag-
SBS, green) for both a (blue) and g
(red) subunits (Figures 1B and 1C).
This basic architecture is conserved
in both the S. cerevisiae and mamma-
lian homologs (Amodeo et al., 2007;
Xiao et al., 2007) although the new
structures provide additional revela-
tions. Therefore, these structures
007 Elsevier Ltd All rights reserved 1161
